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Introduction
The techniques used to perform radical prostatectomy were refined in the 1980s (1) and soon thereafter, prostatectomy became a widespread curative treatment for localized prostate cancer (2) . Concomitantly, the clinical landscape of prostate cancer was transformed following widespread PSA screening (3, 4) which dramatically increased prostate cancer incidence, with a larger proportion of cases presenting with localized disease (5, 6, 8) . In Sweden, PSA testing in men aged 55 to 69 years was estimated to have increased to 56% over ten years in 2007 (9) . As a corollary, the number of patients eligible for radical prostatectomy has grown. Many of these cancers have an indolent course even without therapeutic intervention (10-12). Consequently, PSA screening entails overdiagnosis of cancer that would never present clinically during the patient´s lifetime (4, 5, 13) .
In this context, it is timely to assess whether the growth in number of prostatectomies in Sweden has generated increasing treatment of non-lethal cancer which by definition can convey no survival benefit and for which men experience only the attendant consequences of increased morbidity and poorer quality of life associated with the treatment (14, 15) . To address the hypothesis, we examine data from a nation-wide cohort comprising all prostate cancer patients in Sweden treated with prostatectomy and followed prospectively for mortality from 1988 to 2008.
Materials and Methods

The Study Cohort
Research. 
Follow-up
Through linkage to the Swedish Death Register and the Emigration Register, the men were followed from the date of prostate cancer diagnosis until the date of death, emigration, or the end of the study period (December 31, 2009), whichever occurred first. Individuals with prostate cancer as the underlying cause were classified as having died from prostate cancer. The validity of the causes of death diagnosis among prostate cancer patients has been reported to be high (18, 19) .
Statistical analysis
We plotted cumulative incidence curves for prostate cancer death, stratified by year of diagnosis to examine trends in cancer-specific survival. We graphed the distribution of age at cancer diagnosis across time to evaluate whether there was a shift towards younger ages as an indicator of increased early detection. Relative risks of prostate cancer death, were estimated using Cox proportional-hazards models.
We fitted a cure model (20, 21) that estimated the fraction of cases cured and the risk of diseasespecific death among those not cured. The cure model is appropriate when the risk of diseasespecific death is zero for a significant fraction of the case population. This fraction represents the cured portion of the case population. The model allows separate identification of predictors of being in the cured portion and predictors of the risk of death if not cured. We used a logistic regression model to estimate the likelihood of cure and a Cox model to estimate the survival among those not cured using the PSPCM macro in SAS (13) .
To determine whether improvements in observed disease-specific survival over time were consistent with a screening effect, we performed a simulation study which replicated 100,000 prostate cancer patients who underwent radical prostatectomy. We assumed that screening was initiated after 1992, yielding a specified fraction of cases diagnosed by screening each year thereafter. We increased the fraction of screen-detected cancers from 0% in 1992 to 10% in 1996 and to 40% in 2005 based on estimates from the National Prostate Cancer Register (22) .
The goal of the simulation was to compare observed and simulated disease-specific survival curves, under the assumption that screening only advances disease diagnosis with no change in life expectancy. Cases randomly assigned as screen-detected were allocated a disease-specific survival time consisting of the sum of a lead-time and a randomly generated pre-PSA survival time. The pre-PSA survival time was generated from the distribution of survival times among cases diagnosed from 1988 to1992, before screening. We used a range of mean lead times based on estimates from screening trials and simulation studies in the US and Europe (13, 23) . We 
Results
Across the study period the number of radical prostatectomies in Sweden increased with a high of 2,500 in 2005 followed by a modest decline in 2008 (Fig 1) . Robotic procedures accounted for a growing proportion with almost 40% of prostatectomies conducted with the robot in 2008. The change in the number of prostatectomy procedures parallels the change in incidence of prostate cancer in Sweden, which peaked in 2004 and has been declining since (8) . Of men undergoing prostatectomy, 90% were between 55 and 75 years at prostate cancer diagnosis ( Table 1) During a median follow-up of five years (range 0-22 years), 1920 of all 18,837 men in the cohort had died, of whom 686 (3.6 percent) died of prostate cancer and 1,234 (6.6%) from other causes. Table 1 presents the number of total and cancer-specific deaths, stratified by age at diagnosis and calendar interval of diagnosis. Table 2) . Compared with younger patients, men aged 65 to74 were at 62% higher and men aged 75 and older at 12.9-fold higher risk of prostate cancer death ( Table 2 ). This trend likely reflects more restrictive use of radical prostatectomy among elderly men with low risk disease.
The risk of other-cause death declined among patients diagnosed in later calendar years (figure not shown). The ten-year cumulative incidence of other-cause death was 14% (11.5%, 16.6%) among men diagnosed from 1988 to 1992, and 11.5% (9.7%, 13.3%) among men diagnosed from 1993 to 1997. This decline is particularly marked when comparing patients diagnosed before 1992 with those diagnosed thereafter; time to other-cause death does not improve noticeably after 1992. The decline in other-cause death is consistent with the trend towards younger ages at diagnosis and also with the well-documented "healthy screenee effect" (24) .
The results of the cure model indicated that the likelihood of being cured by prostatectomy depends significantly on both age and year of diagnosis. Accounting for age at diagnosis, the risk of not being cured declined by 13% (95% CI 12-14%) with each calendar year. The risk of disease-specific death among those not cured, however, does not vary significantly with calendar interval.
Research. Figure 3 presents the simulation model of the potential influence of PSA screening and leadtime bias on prostate cancer death. We plot the observed prostate-cancer specific survival, comparing the period before (<1992) and after (1992 or later) when opportunistic PSA-screening began to become wide-spread in Sweden. In addition, we plot the simulated survival in the PSA era, assuming lead-times of 5 to 15 years. The observed cancer-specific survival among men undergoing prostatectomy diagnosed before 1992 was substantially lower than among men diagnosed since PSA screening. The simulated cancer-specific survival improved after accounting for lead-time, but not to the levels of the PSA era. Even examining a lead-time of PSA screening of 15 years, the simulated survival was lower than the observed PSA-era survival. Figure 3 shows that even substantial lead times can only account for about half of the improvement in disease-specific survival.
Discussion
We set out to investigate whether trends in age at diagnosis, disease-specific and other-cause survival among men treated with radical prostatectomy in Sweden were consistent with increased diagnosis of nonlethal prostate cancers as a consequence of opportunistic PSA screening. It is now clear that even in the absence of a national policy, PSA screening in Sweden did increase over the interval of our study (9) . We took advantage of healthcare registers in Sweden to identify a large, nationwide cohort of prostate cancer patients undergoing prostatectomy with virtually complete follow-up. Using several complementary analytical approaches, we found supportive evidence for our hypothesis that radical prostatectomy was increasingly used to treat non-lethal tumors. However, we could not conclusively link all of the apparent improvement in survival to overdetection and overtreatment.
Despite the fact that there was no official screening policy in Sweden during the years of our study, cases treated with prostatectomy during this time clearly exhibit features of a population in which early detection is becoming more frequent. These are: (1) a dramatic increase in disease-specific survival, (2) a decline in the average age at diagnosis and an increase in other-cause survival, and (3) a decrease in the uncured fraction over time. The results of the cure model, in particular, are consistent with the interpretation that the increase in radical prostatectomy may be largely driven by the overtreatment of patients who even without surgical intervention would probably have died from causes other than prostate cancer. We found that when fitting a cure model, the probability of cure increased dramatically with year of diagnosis whereas the survival among those not cured stayed relatively constant. This is consistent with the addition of indolent cases to the mix of diagnosed prostate cancers, since indolent cases have, by definition, no disease-specific mortality and, therefore, perfect disease-specific survival.
The findings of the simulation study are also consistent with the addition of screendetected cases over time to the case population in the sense that they indicate that lead time associated with screening could account for about half of the observed improvement in diseasespecific survival. However, we were not able to match observed increases in disease-specific survival without adding a real, post-lead-time survival improvement to the simulated survival times for early-detected cases. Note that our modeling of lead-time also allows for overdiagnosis, since cases in the simulation study can and do die of other causes within the 
generated lead time. Importantly, in this modeling exercise we expressly did not model any benefit of early detection or early treatment because we wanted to determine whether the apparently improved survival could be attributed solely to the addition of lead-time.
Our results are likely generalizable to other western populations with widespread PSA screening and use of prostatectomy for treatment of prostate cancer. Nevertheless, alternate interpretations of our data must be considered. Studies have suggested with more experience, surgical treatment achieves cure in a growing proportion of operated patients (25, 26) . It is possible that our results could reflect improved outcomes of radical prostatectomy, or improved life expectancy due to the synergy of early detection and early treatment.
Defined as the time interval between detection through screening and the hypothetical time of clinical diagnosis, the lead-time due to PSA testing is at least 5 years (13, 23), but will vary depending on the background incidence of disease in the absence of screening and the screening protocol. The lead-time will be longer under more frequent screening and whenever a lower cutoff for biopsy referral is used because this will lead to cancer being detected earlier during the preclinical detectable phase. Even PSA-testing used for diagnostic purposes can induce a lead-time if it produces a disease diagnosis in advance of that occurring in the absence of PSA-testing. Longer lead times are associated with a greater frequency of overdiagnosis.
However, our simulation results indicated that even lead-times at the high end of a plausible range could not fully explain the observed improvements in disease-specific survival given our best estimates of the prevalence of screen-detection in the Swedish population. Overtreatment of non-lethal prostate cancer is of major concern because radical prostatectomy is associated with substantial costs and harms. Some loss of erectile function occurs in 80% of patients (14, 15, 27) . In addition, up to 20% of all operated men will live with incontinence ranging from mild to severe during their remaining life-span, a condition with considerable impact on quality of life (27) . Moreover, the average age at diagnosis has shifted considerably to younger men as a result of PSA screening, and thus men are living with these quality of life issues for a significantly longer time. Although radical prostatectomy might have prevented future obstructive symptoms in a few patients, such problems can usually be treated effectively with hormonal manipulation or transurethral resection. Costs to society and the health care system are considerable, and remain consistently higher following prostatectomy than with watchful management with no primary local treatment (28) .
Clearly, indolent and lethal cancers need to be reliably separated allowing a much more selective use of radical prostatectomy among men who are likely to benefit. Although this is an area of much ongoing effort, validated molecular markers and signatures have yet to be implemented clinically (29) . Together with the adoption of active surveillance protocols (30) , this work promises to enhance our ability to identify and treat those men who will benefit the most from radical prostatectomy.
